The methylotrophic yeast Pichia methanolica possesses two genes, PmDAS1 and PmDLP1, whose amino acid sequences show high similarity to dihydroxyacetone synthase (DAS), the formaldehyde-fixing enzyme for methanol metabolism within the peroxisome. The PmDAS1 and PmDLP1 genes encode 709 and 707 amino acid residues respectively, and PmDas1p contains a type-1 peroxisomal targeting signal (PTS1), while PmDlp1p does not. Upon phylogenetic analysis, PmDas1p fit into the DAS group with other DASs, while PmDlp1p was grouped with the DAS-like proteins (DLP) of non-methylotrophic yeasts and fungi, a branch of the phylogenetic tree independent of the DAS and transketolase (TK) groups. While expression of PmDAS1 restored the methylotrophic growth of the Candida boidinii das1Á strain, the PmDLP1 and PmDAS1ÀÁPTS1 genes did not. Taken together, these results indicate that PmDAS1 encodes a functional DAS and has an indispensable role in methanol metabolism, and that PmDlp1p share a common, as yet uncharacterized function in P. methanolica as well as in nonmethylotrophic yeasts and fungi.
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Methanol metabolism in methylotrophic yeast begins with the oxidation of methanol to formaldehyde by alcohol oxidase (AOD) in the peroxisome. Formaldehyde is the key intermediate in methanol metabolism, since (i) it is generated largely during methanol metabolism, (ii) it stands at the branch point of the pathways for assimilation and dissimilation, 1) and (iii) it is extremely toxic to the cells. 2, 3) Therefore, the intracellular levels of formaldehyde in the yeast are strictly regulated during methanol metabolism by three key enzymes related to formaldehyde metabolism, viz., alcohol oxidase (AOD), glutathione dependent formaldehyde dehydrogenase (FLD), and dihydroxyacetone synthase (DAS).
Of these enzymes in Pichia methanolica, AOD and FLD have been characterized. P. methanolica has two AOD genes, PmMOD1 and PmMOD2. 4, 5) Both gene products, PmMod1p and PmMod2p, associate into active octamers by random oligomerization, resulting in nine AOD isozymes, 4, 6, 7) the AOD isozymes being the major point for the regulation of intracellular formaldehyde levels. 8) P. methanolica has only one gene for FLD, and Fld1p also coordinates the formaldehyde level in methanol-grown cells through regulation of its expression by the methanol concentration under various growth conditions. 9) On the other hand, in P. methanolica, DAS and its encoding gene have not been characterized to date, although DAS is one of the key enzymes in methanol metabolism, because (i) DAS catalyzes the fixation of formaldehyde with D-xylulose 5-phosphate to form glyceraldehyde 3-phosphate and dihydroxyacetone, 1) and (ii) the DAS1-gene disrupted C. boidinii mutant (das1Á) does not grow on methanol. 10) In this study, we found that P. methanolica possessed two genes with high similarity to other DAS genes, and investigated their roles in methanol metabolism.
Initially, the partial DAS gene was amplified from P. methanolica genomic DNA using DAS-N primer gCggCCgCTgTCCYggWCAYCCAgAAAT and DAS-C primer gCggCCgCgCYgTAgCRTATCTYTCCCA, which were designed from regions of high homology to C. boidinii DAS1 (CbDAS1) 10) and H. polymorpha DAS1 (HpDAS1). 11) In Southern blot analysis using the partial DAS gene as a probe, two strong bands were observed for all the genomic samples digested with BamH I, EcoR I, or Hind III (data not shown). From these data, we concluded that there are two genes in P. methanolica with high similarity to DAS, and proceeded to amplify both complete genes by Cassette PCR using the Takara LA PCR in vitro cloning kit (Takara, Kyoto, Japan). For Cassette PCR, the genomic DNA was digested completely with EcoR I, Hind III, or Xba I and ligated with each cassette (Takara). PCR was performed using the C1 primer (Takara) with DAS1-N; gTTgTAAgTTgCAgy To whom correspondence should be addressed. Tel/Fax: +81-58-293-2927; E-mail: t nakaga@gifu-u.ac.jp Biosci. Biotechnol. Biochem., 74 (7), [1491] [1492] [1493] 2010 Note CCAAgTT, DAS1-C; gCTgCTATCTTAAgATCCCAAg, DLP1-N; CgggATCCTTggTAGCAATggCTAAACCg, or DLP1-C; gCTgCTATCTTAAgATCCCAAg. These DNA fragments were sequenced by the dideoxy cycle sequencing method with a PRISM DyeDeoxy Terminator Cycle Sequencing kit and a DNA sequencer model 377 (Applied BioSystems, Foster, CA). The nucleotide sequences of the PmDAS1 and PmDLP1 genes were submitted to GenBank, under accession nos. AB478643 and AB478644, respectively.
The PmDAS1 and PmDLP1 genes consist of 2,127 bp and 2,121 bp ORFs corresponding to 709 and 707 amino acid residues respectively, and neither gene contains any introns. PmDas1p and PmDlp1p showed high similarity to each other (53% identity), and PmDas1p showed even higher similarity to the deduced amino acid sequences of HpDas1p 11) (69% identity) and CbDas1p 10) (72% identity). On the other hand, PmDlp1p showed higher similarity to the deduced amino acid sequence of the DAS-like protein (DLP) of Debaryomyces hansenii (60% identity) than to HpDas1p or CbDas1p (52% and 54% identity). DLP has been identified in several nonmethylotrophic yeasts and fungi by genome sequencing, but there has been no report concerning its function. PmDas1p and PmDlp1p did not show high similarity to the deduced amino acid sequences of any of the transketolases (TKs) (<44% identity), although both gene products contained conserved regions for TK, viz., TK signature 1, 12) TK signature 2, 12) catalytic domain of TK, 13) and a possible thiamine pyrophosphate binding domain. 14) Furthermore, the C-terminus of PmDas1p contains the -NKL tripeptide, which is similar to the type-1 peroxisomal targeting signal (PTS1).
15) The -NKL sequence was sufficient to function as a targeting signal in P. methanolica, since a green fluorescent protein tagged with -NKL at the C-terminus was localized properly (data not shown). These results are consistent with the hypothesis that DAS is one of the major peroxisomal proteins along with AOD in methylotrophic yeasts grown on methanol. 16) On the other hand, PmDlp1p did not contain either the PTS1-like or the PTS2-like sequence, which are type-2 peroxisome targeting signals at the N-terminus.
Next, we determined the phylogenetic relationships among the amino acid sequences of DASs, DAS-like proteins, and TKs, and found that these proteins partitioned three ways, into DAS, DLP, and TK groups (Fig. 1) . All Das1ps from methylotrophic yeasts were clustered into the DAS group, and these DASs were all peroxisomal proteins. On the other hand, the DLP group contained PmDlp1p and all DLPs from non-methylotrophic yeasts and fungi, and the group was completely independent not only from DAS but also from the TK groups. Figure 2 shows the results of Northern blot analysis of the PmDAS1 and PmDLP1 genes of P. methanolica grown on several carbon sources. During growth on methanol or glycerol þ formaldehyde, the PmDAS1 gene was strongly expressed, but the PmDLP1 gene was only slightly expressed as compared to PmDAS1. Neither gene was expressed in glucose, that is expression of both genes was completely repressed by glucose. These results suggest that PmDAS1 expressed by methanol and formaldehyde is the main DAS gene contributing to methanol metabolism, and that PmDlp1p does not participate in methanol metabolism.
In order to observe the functions of PmDas1p and PmDlp1p as DAS in methanol metabolism, PmDAS1 and PmDLP1 were expressed in C. boidinii strain Cbdas1Á, which did not grow on methanol.
10) The PmDAS1-and PmDLP1-coding regions were PCR amplified using primer sets: DAS1-ATG; gCggCCgCAAAAATgAgAATTgCAAgAgCC and DAS1-Term; AAgCTTTCTggAgTTgCAAAAACACCACCA (or DAS1-ÁNKL, CTCgAgTTACTTTAAATCAACATAATCATg) and DLP1-ATG; gCggCCgCAAATgACTgTTTCAgAATCCTC and DLP1-Term; AAgCTTTCTggAgTTgCAAAAACACC-ACCA (or DLP1-NKL, CTCgAgTTACTTTAAATCAACATAATCATg), and the fragments obtained were introduced into the Not I-Hind III site of pNotdI under the control of the CbDAS1 promoter.
9) These vectors were linearized by BamH I and used in the transformation of C. boidinii strain Cbdas1Á (ura3 À ).
10)
As shown in Fig. 3A , strain PmDAS1/Cbdas1Á restored the ability to grow on methanol as sole carbon source, and the strain grown on methanol had high DAS activity, comparable to the wild type (Fig. 3B) . On the other hand, strain PmDAS1ÀÁPTS1, which was deleted in the PTS1 sequence, did not complement the methylotrophic growth of C. boidinii strain Cbdas1Á, although strain PmDAS1ÀÁPTS1 had 1/5 of the DAS activity of the wild-type strain. PmDLP1 and PmDLP1þPTS1 did not complement the methylotrophic growth defect of strain Cbdas1Á (Fig. 3A) , and strains PmDLP1/ Cbdas1Á and PmDLP1þPTS1/Cbdas1Á showed the same level of DAS activity as C. boidinii strain Cbdas1Á (Fig. 3B) . Moreover, PmDLP1 expression was not induced strongly by methanol. Taken together, our data suggest that PmDlp1p did not have DAS activity, and that PmDLP1 did not participate in methanol metabolism.
In conclusion, PmDAS1 encodes a functional DAS, PmDas1p, which plays an indispensable role in methanol metabolism, i.e., fixation of formaldehyde to D-xylulose 5-phosphate. PmDas1p is a peroxisomal protein, and localization of PmDas1p in the peroxisome is critical for the activation and function of PmDas1p in methanol metabolism. On the other hand, PmDLP1 did not complement the methanol growth defect of strain Cbdas1Á, and it was expressed only at low levels in methanol in P. methanolica. Therefore, PmDLP1 did not participate in methanol metabolism. Thus, in P. methanolica, the DAS-encoding gene participating in methanol metabolism is a single gene, PmDAS1, as FLD is a single gene. The in vivo physiological role of the PmDLP1 gene in P. methanolica is still unclear, but the DLP1 gene is widely distributed in non-methylotrophic yeasts and fungi, and the DLP group clustered completely independently of the DAS and TK groups. This suggests that PmDlp1p has functions different from that of PmDas1p and TK, and might have some as yet unknown function in common with the DLPs of non-methylotrophic yeasts and fungi.
Further analysis of DLP genes should yield more information on the evolution of DAS and methylotrophic yeast. Our next study will aim to identify the physiological function of PmDlp1p in P. methanolica. A, Methyrotrophic growth of the C. boidinii wild-type ( ), Cbdas1Á ( ), PmDAS1/Cbdas1Á ( ), PmDAS1ÀÁPTS1/ Cbdas1Á ( ), PmDLP1/Cbdas1Á ( ) and PmDLP1þPTS1/ Cbdas1Á ( ) strains. B, Relative activities of DAS in 1, the wild type; 2, Cbdas1Á; 3, PmDAS1/Cbdas1Á; 4, PmDAS1ÀÁPTS1/ Cbdas1Á; 5, PmDLP1/Cbdas1Á; and 6, PmDLP1þPTS1/ Cbdas1Á strains. The specific activity of DAS in the wild-type strain grown on methanol is 0.470 U/mg of protein. Results are means AE standard deviations (n ¼ 3).
